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Abstract— Autonomous vehicles are increasingly recognized
for their potential to enhance traffic stability and safety through
longitudinal control. However, a significant challenge remains
in controlling AVs at merging ramps due to increased risks of
congestion and accidents. This paper tackles merging control of
an AV from an accelerated lane of finite length to mainline traf-
fic of Human-Driven Vehicles (HV). Compared with safe car-
following control, the merging control needs to satisfy multiple
constraints due to complexity of the task. A novel dynamical
model for merging and car-following behaviors is developed
for mixed merging traffic. The complex temporal behaviors
of the merging AV and car-following HVs are described with
signal temporal logic. We integrate safety, task-specific, and
physical constraints into a single control barrier function,
which provides input constraints to synthesize a safety-critical
controller via quadratic programming. Simulations on real
traffic merging trajectories validate that the designed controller
enhances traffic stability and efficiency with the merging task
completed safely within the temporal and spatial constraints.

I. INTRODUCTION

Merging ramps are one main source of traffic congestion
and accidents. The recent advancements in autonomous ve-
hicles (AVs) have encouraged effective traffic on highways,
where longitudinal controllers are designed to smooth traffic
and reduce congestion. However, the merging controller
design is still under investigation. In this paper, we consider
the merging control design. Specifically, we focus on the
most basic scenario with a triplet of vehicles, as shown in
Fig. 1, where a merging AV (MV) adjusts its speed and
position to merge into the main lane when there is a safe
gap between both the leading human-driven vehicle (LV) and
following human-driven vehicle (FV).

Compared with longitudinal control where the AV is
usually assumed to have enough time and space to adapt
to other vehicles, the merging control is time-critical and
must be completed within a time constraint given the finite
length of the acceleration lane as shown in Fig. 1. Given
these constraints, most merging controllers are constructed
by solving an optimization problem, where the length of
the acceleration lane is one constraint. The travel time is
included in the objective function or constraints [8], [9],
[15], [17]. Since the optimization problem is constructed
based on the end state, i.e., the AV merges into the main
lane, it is implemented in a model predictive control (MPC)
approach [21].
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Fig. 1. The merging vehicle (MV) adjusts its speed and gap on the
acceleration lane and merges into the main lane when is has a safe gap
with both the leading vehicle (LV) and the following vehicle (FV). The
merging must be completed before the end of the acceleration lane.

The MPC-based controllers are solved recursively in each
time step, which causes a high computation load. Besides,
when solving the MPC, prediction of future states until the
end of the merging is required. In the merging scenario,
the speed of the leading vehicle is an external disturbance
that evolves independently from the control input and thus
cannot be accurately predicted. Inaccurate prediction will
cause conservative and inefficient control strategies.

Besides MPC, merging controllers have also been de-
signed by other methods. In [16], a probabilistic model is
proposed where the merging vehicle chooses its trajectory
from a set of candidates. For data-driven controllers, a
main concern is the lack of a rigorous theoretical guarantee
on constraints, such as safety during merging. In [5], a
controller is designed with constraints constructed by control
barrier function (CBF), which is a tool to guarantee forward
invariance of a set, i.e., if the system is within the set initially
then it always remains within the set [1]. Compared with
MPC which predicts the future control process at each time
step, CBF provides constraints based only on the current state
and thus has a lower computation load [19], [20]. However,
CBF fails to satisfy the time constraint on merging [5].

In this paper, we design a merging controller by tempo-
ral logic, which is a formal method developed to express
real-time constraints and impose them on time-critical sys-
tems [3]. Examples of temporal logic include linear tempo-
ral logic, metric temporal logic, and signal temporal logic
(STL) [13]. Among these formal languages, we use STL for
the merging control since it is evaluated over continuous-time
signals and can be equipped with a quantitative robustness
metric. A controller that satisfies STL is usually derived by
first translating STL formulas into mixed-integer constraints
and then solving a mixed-integer optimization problem. Re-
cently, time-varying CBF has been used to encode STL [10],
and the control input is solved by quadratic programming.
STL has been applied to control AV for multiple goals, such
as in obstacle avoidance [6], and safety specification [2]. This
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paper presents the first merging controller design by STL.
We identify and express three types of merging constraints

by STL syntax: task constraint that the merging should be
completed within a maximum duration and the acceleration
lane, safety constraint that the MV maintains a safe gap
with both LV and FV, physics constraint that the MV speed
is positive and smaller than a maximum speed. Constraints
on the control input are then correspondingly constructed
using CBF. We extract from the Next Generation Simulation
(NGSIM) data-set [4] 95 real traffic merging trajectories
with a triplet of vehicles as in Fig. 1, and run simulations
based on these trajectories. Results show that the designed
controller meets all constraints and yields smoother traffic
with less speed perturbation. The designed controller also
takes a shorter time to finish merging, which increases traffic
efficiency. This paper contributes a novel merging controller
design method via CBF-STL. Compared with MPC, the
CBF-STL has a lower computation load and does not require
predictions in the future. Compared with pure CBF, our
controller satisfies constraints on merging time.

The remaining part of this paper is organized as follows.
We formulate the merging process and specify the three
constraints in Section II. In Section III, we give the designed
merging controller. In Section IV, we run simulations based
on trajectories extracted from the NGSIM data-set to validate
the designed controller.

II. MERGING MODELING

In this section, we first model the merging process, then
we specify the constraints for merging.

A. Vehicle motion modeling

We consider a triple of vehicles, one leading LV and
following FV on the main road, and one merging AV (MV).
We assume that the sequence of these three vehicles is fixed,
i.e., the MV merges into between the LV and FV. This can be
decided by first-in-first-out policy, or can be given by upper-
level controllers that specify sequencing policies as in [14].
We ignore the lateral motion of the MV, and assume that the
merging is finished when there is a proper gap for the MV.

We denote the speed of theses three vehicles as vL(t) ∈ R,
vF(t) ∈ R, and vM(t) ∈ R respectively. The merging AV is
controlled by a controller u(t) ∈ R:

v̇M(t) = u(t), (1)

We consider u(t) as the sum of a nominal controller u0(t) ∈
R and an correctness term ∆u(t) ∈ R to facilitate the
merging process:

u(t) = u0(t) + ∆u(t). (2)

The nominal controller u0(t) can be chosen as those pre-
designed controllers that have stable car-following behavior
or minimize energy consumption [7]. We will solve a min-
imum correctness term ∆u(t) that ensures safe merging in
this paper so that the merging process has little effect on

the main lane traffic. The gap between the FV and the MV
sFM(t) ∈ R has the dynamics:

ṡFM(t) = vM(t)− vF(t). (3)

For the gap between the MV and the LV sML(t) ∈ R, we
have:

ṡML(t) = vL(t)− vM(t). (4)

For the gap between the FV and LV sFL(t) ∈ R, we have:

ṡFL(t) = vL(t)− vF(t). (5)

In longitudinal car-following, a human driver accelerates
based on the state of itself and its leading vehicle, such as
the intelligent driver model, and optimal velocity model. In
the merging process, the FV should take both the LV and
MV as its leaders. To describe such driving behaviors, We
introduce an enhanced car-following model to describe FV’s
motion. The FV’s acceleration is:

v̇F = f(vF, vL, sFL, vM, sFM). (6)

In this paper, we use merging trajectories extracted from the
NGSIM data-set to calibrate this model as in Section IV.

B. Constraints design

There are two possible merging policies: prespecified-
position merging policy where the merging happens at a
fixed merging point and flexible-position merging policy
where the AV merges into the main road at a flexible
position [12]. We consider the second policy, since in mixed
traffic, uncertainties of human drivers may cause limited
optimality of the first policy.

We consider three types of constraints:
• Safety constraint. When the MV merges onto the main

road, it should keep a safe gap with both the FV and
LV. We apply the time to collision (TTC) safe spacing
policy to constrain the gap when merging. For a vehicle
with speed v and its leader with speed vl, TTC requires
that the two-vehicle should keep a gap

s ≥ τ(v − vl) + sst, (7)

with sst > 0 being the minimum safe gap and τ > 0
being the time to risk if the two vehicles remain at the
same speed. The MV adjusts its speed and position on
the acceleration lane, and merges to the main road once
it has a safe gap with both the LV and FV. The merging
should be completed within a given time threshold T >
0. The safety constraint for the MV is designed as: there
exists a 0 ≤ te ≤ T such that both the two inequalities
hold:

sML(te) ≥ τ(vM(te)− vL(te)) + sst, (8)
sFM(te) ≥ τ(vF(te)− vM(te)) + sst. (9)

• Task constraint. The MV should merge into the main
road before the end of the acceleration lane. We use
pM(t) to represent the location of the AV with ṗM(t) =
vM(t). We take the beginning of the acceleration lane as
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pM = 0, and we assume that pM(0) = 0, i.e., the MV is
at the beginning of the acceleration lane initially. The
merging task is regarded as finished at te if both (8)
and (9) hold. The task constraint is given as:

pM(te) ≤ L. (10)

• Physics constraint. Considering traffic regulation policy,
the MV cannot drive backward on the acceleration, i.e.,
for 0 ≤ t ≤ T , we have:

vM(t) ≥ 0. (11)

We also assume that there is a known maximum speed
vmax, and the MV cannot exceed this upper bound, i.e.,
for 0 ≤ t ≤ T , we have:

vM(t) ≤ vmax. (12)

III. MERGING CONTROLLER DESIGN

In this section, we present the designed merging controller.
We first give preliminaries on STL and CBF, then design
constraints on the control input to satisfy merging constraints.

A. STL language

STL is a predict logic based on predicts µ that are obtained
after evaluation of a prediction function h [13]:

µ =

{
True, if h(x) ≥ 0,

False, if h(x) < 0,
(13)

The STL syntax syntax defines an STL formula ϕ:

ϕ ::= True |µ |⌝ϕ |ϕ1 ∧ ϕ2

∣∣ϕ1U[t1,t2]ϕ2 , (14)

where ϕ1 and ϕ2 are STL formulas, and 0 ≤ t1 < t2.
The satisfaction relation (x, t) |= ϕ denotes if the signal
x : R≥0 → R satisfies formula ϕ at time t.

For a signal x : R≥0 → Rn, the STL semantics are
recursively given by:

(x, t) |= µ ⇔h(x(t)) ≥ 0

(x, t) |=⌝ϕ ⇔⌝ ((x, t) |= ϕ)

(x, t) |= ϕ1 ∧ ϕ2 ⇔(x, t) |= ϕ1 ∧ (x, t) |= ϕ2

(x, t) = ϕ1U[t1,t2]ϕ2 ⇔∃t3 ∈ [t+ t1, t+ t2], (x, t3) |= ϕ2

∧ ∀t4 ∈ [t, t3], (x, t4) |= ϕ1

(x, t) |= F[t1,t2]ϕ ⇔∃t3 ∈ [t+ t1, t+ t2], (x, t3) |= ϕ

(x, t) |= G[t1,t2]ϕ ⇔∀t3 ∈ [t+ t1, t+ t2], (x, t3) |= ϕ

B. Time varying CBF

Consider a general control affine system with state x ∈
Rn1 and control input u ∈ Rn2 :

ẋ = f(x) + g(x)u, (15)

with f and g being locally Lipschitz continuous. We assume
that it has a unique solution on the time interval [t0, t1] with
t1 > t0 ≥ 0 given an initial condition x(t0).

Definition 1 (Time-varying control barrier function). A dif-
ferentiable function b(x, t) defined on D× [t0, t1] with D ⊂

Rn1 is a time-varying CBF if there exists a locally Lipschitz
continuous class K function α so that, ∀(x, t) ∈ D× [t0, t1],

sup
u

∂b(x, t)

∂x
(f(x) + g(x)u) +

∂b(x, t)

∂t
≥ −α(b(x, t)).

(16)

Theorem 1 (Forward invariance by CBF [18]). If b(x, t) is
a time-varying CBF, then any locally Lipschitz continuous
controller u satisfying

∂b(x, t)

∂x
(f(x) + g(x)u) +

∂b(x, t)

∂t
≥ −α(b(x, t)), (17)

renders the set C(t) = {x|b(x, t) ≥ 0} forward invariant,
i.e., if x(t0) ∈ C(t0), then x(t) ∈ C(t) for all t ∈ [t0, t1].

Example 1 (CBF for eventually STL task F ). Given a pre-
dict µ with the prediction function h(x) with maxx h(x) > 0,
if we have an STL (x, 0) |= F[0,t1]µ, construct a time-varying
CBF as

b(x, t) = h(x)− γ(t), (18)

where the continuous function γ(t) defined on t ∈ [0, t1]
satisfies γ(0) < h(x(0)) and γ(t1) > 0, then if the controller
satisfies

Lfh(x) + Lgh(x)u− γ̇(t) ≥ −α(b(x, t)), (19)

where Lfh(x) = ∇h(x) · f(x), Lgh(x) = ∇h(x) · g(x) are
Lie derivatives, we have (x, 0) |= F[0,t1]µ.

There are multiple choices for the function γ(t). One
simple choice is a linear function [11]:

γ(t) =
γ∞ − γ0

t1
t+ γ0, (20)

with γ0 < h(x(0)) and 0 < γ∞ < maxx h(x). By setting a
positive γ∞ > 0, we have h(x(t1)) > γ∞ > 0, which means
the STL is met with a robustness γ∞.

Example 2 (CBF for always STL task G). Given a predict
µ with the prediction function h(x) with maxx h(x) > 0, if
we have an STL (x, 0) |= G[0,t1]µ

1, construct a time-varying
CBF as

b(x, t) = h(x)− γ(t), (21)

where the continuous function γ(t) defined on t ∈ [0, t1]
satisfies γ(0) < h(x(0)) and γ(t) > 0 for all t ∈ [0, t1],
then if the controller satisfies

Lfh(x) + Lgh(x)u− γ̇(t) ≥ −α(b(x, t)), (22)

we have (x, 0) |= G[0,t1]µ.

For the always STL syntax G, pure CBF with γ(t) ≡ 0
also works. For the eventually STL syntax F , if h(x(0)) < 0,
pure CBF with γ(t) ≡ 0 fails to meet the control goal,
and a function γ(t) is required. This is because CBF only
guarantees forward invariance of a set when the initial
state is within the set. If h(x(0)) < 0, CBF no longer

1We assume that h(x(0)) ≥ 0, otherwise the STL semantic cannot be
achieved.
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ensures h(x(t)) is always non-negative. But by choosing
γ(0) < h(x(0)), we have b(x, 0) > 0, and time-varying
CBF guarantees b(x, t) ≥ 0 holds for any t ∈ [0, t1].

In the merging control, we specify three constraints, task
constraint, safety constraint, and physics constraint. The task
constraint specifies constraints only on the final state when
the merging is finished, and we use eventually STL task. For
safety and physics constraints, since they involve constraints
during the whole merging process, the always STL task is
adopted.

C. Control constraints design

We design constraints on the MV control input u corre-
sponding to the three types of merging constraints.

Safety constraint: For the safe gap between MV and
LV (8), we construct a predict function as:

hM = sML − τM(vM − vL)− sst. (23)

We choose γM(t) as a linear function as in Example 1 with
γM(0) < hM(0) and γM(T ) > 0, and construct:

bM(x, t) = hM(x)− γM(t). (24)

Similarly, for the safe gap between FV and MV (9), we
construct a predict function as:

hF = sFM − τF(vF − vM)− sst, (25)

and choose a proper function γF(t) to get the corresponding
time-varying CBF candidate as:

bF(x, t) = hF(x)− γF(t). (26)

Task constraint: Given the task constraint (10), a corre-
sponding predict function is:

hl = L− pM. (27)

The corresponding time-varying CBF is

bl(x, t) = hl(x)− γl(t). (28)

The task constraint requires that the MV is before the end of
the acceleration lane when there is a safe gap. While setting
γl(T ) ≥ 0 as in Example 1 ensures the task constraint is
met, it may cause conservative strategies since the MV has
already merged into the main lane at T . Enforcing γl(T ) > 0
actually requires the MV must travel less than L before T
even if it has merged into the main lane. We design a less
conservative γl as follows: Since γM(t) is a linear function
with γM(T ) > 0, so there exists a teM ∈ [0, T ) such that
γM(t) > 0 holds for all t ∈ [teM, T ]. Similarly, there exists
a teF ∈ [0, T ) for γF. If both (24) and (26) are satisfied, we
have t̂e = max{teM, teF} that ensures there is a safe gap at
t̂e. So instead of requiring γl(T ) > 0, the function γl(t) is
chosen with γl(0) < hl(0) and γl(t̂e) > 0.

We note that ḣl = −vM, i.e., hl has a relative degree
two with respect to the control input u. So bl(x, t) does not
provide any explicit constraint on the control input. Since

ḃl(x, t) ≥ −αl(bl(x, t)) =⇒ vM(t) ≤ αl(bl(x, t))− γ̇l(t),
(29)

with αl being a class K function, the task constant is satisfied
if (29) is met. We further construct a time-varying CBF as:

bl̄(x, t) = hl̄(x)− γl̄(t), (30)

where hl̄ = αl(bl)− vM, γl̄ = −γ̇l +∆γl with ∆γl being a
continuous time-varying function that has ∆γl(0) + γ̇l(0) <
hl̄(x(0)) and ∆γl(t̂e) + γ̇l(t̂e) > 0.

Physics constraint: Given the minimum speed (11) and
maximum speed (12), two predict functions are constructed:

hv = vM, (31)
hv̄ = vmax − vM. (32)

By choosing proper γv(t) and γv̄(t)), two time-varying CBFs
are respectively constructed as:

bv(x, t) =hv(x)− γv(t), (33)
bv̄(x, t) =hv̄(x)− γv̄(t). (34)

D. QP formulation

The merging constraints give five CBF candidates: (24),
(26), (30), (33), and (34). We synthesize one overall time-
varying CBF based on these five CBFs as:

b(x, t) = −
ln

(
e−ηbM + e−ηbF + e−ηbl̄ + e−ηbv + e−ηbv̄

)
η

,

(35)

where η > 0 is a parameter that satisfies b(x, 0) ≥ 0. Since

b(x, t) ≤ min
i

bi(x, t), (36)

for any i = M,F, l̄, v, v̄, so if the controller satisfies

∂b(x, t)

∂x
ẋ+

∂b(x, t)

∂t
≥ −α(b(x, t)), (37)

then b(x, t) ≥ 0, which implies all five constraints are
satisfied. The time derivative of the overall time-varying CBF
b(x, t) is

∂b(x, t)

∂x
ẋ+

∂b(x, t)

∂t

=
∑
i

∂bi(x, t)

∂x
ẋ+

∂bi(x, t)

∂t

=
∑
i

e−η(bi−b) (Lfhi(x) + Lghi(x)u− γ̇i(t)) . (38)

We solve a merging controller via the quadratic program-
ming:

∆u = argmin
u∈R

|u|2,

s.t.
∂b(x, t)

∂x
ẋ+

∂b(x, t)

∂t
≥ −α(b(x, t)),

(39)

with α being a class K function.
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TABLE I
EVALUATION METRIC

HV AV AV improvement
FV acceleration āF (m/s2) 0.67 0.60 9.45%

MV acceleration āM (m/s2) 0.64 0.46 27.97%
Merging time Tm (s) 5.00 2.79 44.10%
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Fig. 2. First case trajectories extracted from the NGSIM data-set.
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Fig. 3. First case trajectories by the designed merging controller (39).

IV. SIMULATION VALIDATION

We use the trajectory data in NGSIM collected from 05:00
to 05:15 pm on the I-80 highway. The trajectories record the
longitudinal and lateral position, speed, and acceleration of
each vehicle. The data-set has also given the lane informa-
tion, with Lane 7 as the on-ramp merge lane, and Lane 6 as
the farthest right lane which vehicles merge into.

We extract 95 merging trajectories and run simulations
based on these real trajectories. We set the initial speed of
the three vehicles, i.e., vM(0), vL(0), vF(0), and the initial
gap, i.e., sML(0), sFL(0), sFL(0), the same as in the real
trajectories. We set the leading vehicle’s dynamics v̇L the
same as in the data-set. For the extended car-following
model (6), we use the real trajectories to calibrate a linear
model. More accurate model calibration is left as one future
work. We set the safe time to collision (8) as τ = 1 s and the

minimum safe gap as sst = 5 m. We choose the parameter
η = 1, which satisfies b(x, 0) > 0. For the class K function
function, we choose α(x) = 10x. For the nominal controller
of the merging vehicle, we set it as the car-following type
controller [7]:

u0 = a(V (sML)− vM) + b(vL − vM), (40)

where a > 0 and b > 0 represent how the vehicle accelerates
to match its speed vM with the spacing-dependent desired
speed V (sML) and its leader speed vL respectively. We use
the desired speed as

V (s) =


0, s ≤ sst,
vmax

s−sst
sgo−sst

, sst < s < sgo,

vmax, s ≥ sgo,

(41)

We set the parameters as a = 0.6, b = 0.9, sgo = 35 m, and
vmax = 40 m/s.

We compare the designed controller with HVs in Table I.
For each simulation, we calculate the average of absolute
value of acceleration during the merging process for the MV
and FV as āM and āF respectively. Table I gives the average
āM and āF over 95 scenarios. By the designed controller,
both the MV and FV have a lower āM and āF, which means
the speed perturbation is smaller and thus the traffic stability
is enhanced. We also calculate the average time to finish
merging Tm for the 95 scenarios in Table I. The designed
controller takes less time to merge.

We further extract two representative merging scenarios
to analyze how the controller works. Fig. 2 and Fig. 4 give
HV trajectories from the data-set for the two scenarios. The
dotted vertical line gives the time instant when the MV
merges into the main lane. In these two scenarios, the HV
takes different diving strategies to merge. In the first case as
in Fig. 2, the merging vehicle merges at a higher speed than
the LV and then decelerates to match the main lane traffic
after merging. In the second case as shown in Fig. 4, the
merging vehicle tries to match LV’s speed on the acceleration
lane and then merges.

We give in Fig. 3 the simulated trajectories of the three
vehicles in the first merging case. The merging is finished
around 3 sec as the dotted vertical line shows. Compared the
trajectories by the designed merging controller (39) and by
human drivers from the data-set, we see that the controlled
merging is smoother with a smaller speed perturbation. For
example, in Fig. 2, the MV merges to the main lane at
a higher speed than the LV and MV, and then sharply
decelerates and accelerates during 5 to 6 sec to adapt to
the main lane traffic with a speed perturbation form 8 m/s
to 4 m/s and then to 7 m/s. While in Fig. 3, the merging
vehicle adjusts its speed before merging, and has a much
smaller acceleration (less than ±1m/s2) after it merges into
the main lane.

In Fig. 5, we plot trajectories by the designed controller
in the second merging case. Compared with human drivers
in Fig. 4, we see that the controlled MV presents a smoother
acceleration perturbation, which also increases the stability
of the following vehicle. As shown in Fig. 4, the merging
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Fig. 4. Second case trajectories extracted from the NGSIM data-set.
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Fig. 5. Second case trajectories by the designed merging controller (39).

vehicle has a larger initial speed than the leading vehicle. The
merging vehicle first decelerates to a lower speed and then
keeps almost the same speed as the leading vehicle during
2.5 to 4.5 sec, and finally decelerates to merge at 6 sec. This
leads to a longer merging time since the gap between the
MV and LV is almost constant during 2.5 to 4.5 sec, and
the MV has to decelerate to create a safe merging gap. The
controlled MV, as shown in Fig. 5, first decelerates and then
drives at a lower speed than the LV. As a result, the merging
takes a shorter time of around 4 sec.

V. CONCLUSION

In this paper, we consider safe merging controller design
for an autonomous vehicle. Temporal logic STL syntax is
used to express three types of merging constraints, and time-
varying CBFs encode the STL syntax as control constraints.
A safe merging controller is solved by a QP to minimize the
deviation from a nominal human merging control. Simula-
tions based on NGSIM traffic trajectories validate that the
designed controller has smoother merging. Future extension
of this work includes joint optimization of sequencing policy,
safety requirements and stabilizing control design for generic
mixed-autonomy scenarios.
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